T he dielectric properties of materials are characteristics of the materials that determine the interaction of electromagnetic energy with the materials. At radio and microwave frequencies the dielectric properties thus determine the rate of dielectric or microwave heating that takes place when materials are subjected to intense radio frequency (RF) or microwave electric fields. The dielectric properties, or permittivities, are also of interest in the use of RF and microwave fields for sensing such qualities as moisture content and density in cereal grains (Nelson, 2000), seeds and other agricultural products (Nelson, 1973 (Nelson, , 1991 and industrial materials (Nyfors and Vainikainen, 1989; Kraszewski, 1996). Sensing of moisture content relies on the correlations between the dielectric properties of materials and the amount of water present in the materials. Most agricultural and food products are hygroscopic, and the large difference in the dielectric properties of the dry matter and the water in these materials accounts for the usefulness of RF and microwave techniques for sensing their moisture content. In such materials, the magnetic permeability is essentially the same as that of free space, so the influence of magnetic fields generally can be ignored.
loss angle of the dielectric, where tan δ = ε′′/ε′ is known as the loss tangent or dissipation factor (Nelson, 1973 (Nelson, , 1991 . The dielectric constant ε′ is associated with the capability for electric-field energy storage in the material and the loss factor ε′′ is associated with the electric-field energy dissipation in the material. In this article, "permittivity" is understood to represent the relative complex permittivity, i.e., the permittivity relative to free space, or the absolute permittivity divided by the permittivity of free space, ε o = 8.854 × 10 -12 F/m. The ac conductivity of the dielectric in S/m is σ = ωε o ε′′, where ω = 2πf is the angular frequency, with frequency f in Hz. Here also, ε′′ is interpreted to include the energy losses in the dielectric due to all operating dielectric relaxation mechanisms and ionic conduction.
The dielectric properties of foods are important in understanding and modeling their behavior in RF and microwave processing, heating, and cooking (Mudgett, 1995) . They are important because they influence the absorption of energy from the high-frequency electric fields and the conversion to heat. Thus, they are also important in the design of RF and microwave processing equipment and in the design of foods and meals intended for microwave preparation. Dielectric properties data on foods have been compiled for reference in several publications (Nelson, 1973; Tinga and Nelson, 1973; Kent, 1987 , Datta et al., 1995 . However, the variety in food materials is so diverse that the dielectric properties of interest must often be determined by measurement for particular applications.
Materials such as foods, generally have significant loss factors, and their dielectric properties are therefore dependent on both temperature and frequency as well as the physical and chemical characteristics of the material that include composition and density. Although a single frequency is generally used for heating or processing, knowledge of the frequency dependence of the permittivity of the food material is important in predicting its behavior under RF or microwave heating. properties of materials are dependent on temperature, the measurement of the dielectric properties as a function of temperature as well as frequency is often advisable. The purpose of this article is to describe one technique for determining the temperature and frequency dependence of food materials, and data are shown for a macaroni and cheese dinner preparation as one example of the data that can be obtained.
MATERIALS AND METHODS

FOOD MATERIAL
The dielectric properties of certain food materials at 27 MHz were needed in connection with research on highfrequency sterilization of such products. The material chosen for measurements was a commercially available Kraft ® Macaroni and Cheese Dinner (Original Flavor) prepared according to the instructions provided. For the Family-size, 14.5-oz. net-weight package, this preparation included the addition of 1/2 cup of margarine and 2 cups of 2% milk. The dry macaroni was boiled for 5 min in 2 quarts of water with occasional stirring. Following immediate draining without rinsing, the margarine, milk, and cheese sauce were added and mixed well with the macaroni. After cooling, the macaroni and cheese was again mixed well, and a sample of about 50 mL was transferred to the beaker of a Virtis mechanical homogenizer and finely chopped and blended into a smooth paste for the dielectric properties measurement. Salt content of the sample was 0.6%, wet basis.
The moisture content of the homogenized macaroni and cheese was determined by drying triplicate samples of about 2 g in a vacuum oven for 6 h at 70°C and 84 kPa (25 in. Hg) vacuum. Samples, placed in disposable aluminum dishes for weighing before being placed in the oven, were transferred directly from the oven at the end of the drying period to a desiccator containing anhydrous CaSO 4 desiccant to cool before reweighing. Moisture content was then calculated on a wet basis.
DIELECTRIC PROPERTIES MEASUREMENT
The permittivity of the homogenized macaroni and cheese was measured over the frequency range from 10 to 1800 MHz at temperatures from 5 to 100°C with a Hewlett-Packard 85070B Dielectric Probe (open-ended coaxial-line probe), Hewlett-Packard 4291A Impedance/Material Analyzer, Innovative Measurement Solutions DMS070B software, and a sample temperature control assembly ( fig. 1 ) designed for use with the coaxial probe (Nelson et al., 1997 (Nelson et al., , 1998 . The sample was confined in a stainless steel sample cup, 18.95-mm inside diameter and 19 mm deep, which was raised on an adjustable platform to permit the stationary coaxial probe to fit into the cup making good contact with the sample in the cup. A clearance of 0.18 mm between the ground-plane flange housing of the coaxial probe and the inside wall of the sample cup provided good thermal contact between the probe and the cup. The sample cup was already mounted in a Delrin water jacket with an O-ring seal. The water jacket was connected with latex rubber tubing to a Haake FK constant-temperature liquid circulator. A 50% water, 50% ethylene glycol solution was used instead of water as a heat transfer liquid. Sample temperature was monitored with a No. 36-gauge nylon-insulated duplex copperconstantan thermocouple inserted to the bottom of a 15-mm-deep, 0.9-mm-diameter hole drilled vertically into the 1.64-mm-thick side wall of the sample cup. The thermocouple was connected to a thermocouple thermometer to read temperature directly.
Before starting the dielectric measurements, the calibration of the impedance analyzer was performed, and then the probe calibration was completed at 25°C with short circuit, air, and distilled water references (Blackham and Pollard, 1997) . The sample cup was cooled to 5°C by the constant temperature liquid circulator. The homogenized macaroni and cheese sample was inserted into the sample cup, and the sample cup and water jacket assembly was raised with its supporting platform for the probe to enter the sample cup and make good contact with the sample. Dielectric properties measurements were then performed at this temperature, and the settings of the temperature control circulator were increased. As the 1734 TRANSACTIONS OF THE ASAE sample temperature increased, dielectric measurements were taken at 5°C intervals (3 to 5 min /5°C interval) until the practical temperature control limit for the equipment was reached at 100°C, where the measurements were terminated.
RESULTS AND DISCUSSION
The moisture content of the homogenized macaroni and cheese when inserted into the sample cup for the dielectric measurements was 66.0%, w.b. Following the measurement sequence, the sample on which the measurements were taken tested 63.5%.
Values obtained for the dielectric constant and loss factor of the macaroni and cheese at 27 MHz at the various temperatures are presented graphically in figure 2 , where both components of the permittivity are shown plotted on the same scale. The gradual decrease in the dielectric constant with increasing temperature appears reasonable for a food material containing this much water. Very little of the decrease is associated with the slight loss of moisture content during the measurement sequence. The increase in the loss factor, as temperature increases, is mainly attributable to the increase in ionic conduction with increasing temperature at 27 MHz. It also indicates that the rate of energy absorption from the high-frequency electric field during dielectric heating can be expected to increase along with the increase in temperature.
Results of the permittivity measurements for three of the ISM frequencies (frequencies allocated for industrial, scientific, and medical applications), 27, 40, and 915 MHz, in the measured range and 1800 MHz, the upper frequency limit of the HP 4291A anlayzer, are shown for comparison in figure 3. Although the dielectric constant decreases with increasing temperature at each of the illustrated frequencies, the rate of decrease in the temperature range between 5 and 30°C is lower for the microwave frequencies of 915 and 1800 MHz than it is for those in the RF range at 27 and 40 MHz. The loss factor, which has a greater influence on heating rate for RF and microwave dielectric heating than the dielectric constant, has much less temperature dependence at the microwave frequencies than it has at the lower frequencies of 27 and 40 MHz. In addition, the curves for the loss factor at 915 MHz and 1800 MHz are nearly identical and indicate that they should also well represent the behavior of the loss factor at the common ISM frequency of 2450 MHz. The dielectric constant at 2450 MHz can also be reasonably well estimated from the relationship between the curves for 915 and 1800 MHz.
With the technique and procedures used for these measurements, there can be some uncertainty with respect to the temperature of the small region of the sample at the tip of the 3-mm-diameter coaxial-line probe from which the reflected energy is used for the permittivity determination. If heat is being conducted to or from the sample by the probe faster than it is supplied or removed by conduction from the temperature controlling liquid circulating around the stainless steel sample cup, that portion of the sample in contact with the probe may have a lower or higher temperature than the rest of the sample. Thus, at sample temperatures above room temperature, the small sample region at the tip of the coaxial-line probe may have a temperature slightly lower than that indicated by the thermocouple in the sample cup wall. Conversely, at sample temperatures below room temperature, the small sample region at the probe tip may have a temperature slightly higher than that indicated for the sample cup. Tests with distilled water samples for which accurate values of the dielectric constant are known as a function of temperature (Archer and Wang, 1990; Kaatze, 1989) indicate that this phenomenon does have some influence. However the corrections are not more than a few degrees at the high-and low-temperature ends of the temperature range used, so the data illustrated in figures 2 and 3 reliably show trends and relationships between the permittivities of the macaroni and cheese product as they depend on frequency and temperature. Accuracy of temperature information could probably be improved by insulating the probe and temperature controlled water jacket assembly. Suitable temperature corrections, if necessary, could also be determined for prescribed probe-sample cup positional relationships and time and temperature relationships in carrying out the measurements for ascending or descending temperatures.
A precautionary note should be added concerning measurements by this technique for low-loss materials. Unless the loss factor of the sample is sufficiently high, so the waves are rapidly attenuated in a few millimeters in the sample material, reflections from the sample holder wall can disturb the measurement and result in unreliable permittivity determinations (Grant et al., 1989; Nelson and Bartley, 1998) . Then much larger samples must be used. Most food materials have sufficiently high losses that this is not a problem with the system described, but measurements on distilled water, which has relatively low losses compared to food materials, have shown such disturbances.
CONCLUSIONS
Frequency-and temperature-dependent dielectric properties of food materials can be determined efficiently with suitable temperature-control equipment and the openended coaxial-line permittivity measurement technique. Dielectric constant and loss factor of a macaroni and cheese product were determined from 5 to 100°C and presented as a function of temperature at 27, 40, 915, and 1800 MHz. Dielectric constants at all frequencies decreased with increasing temperature, whereas the dielectric loss factor increased with increasing temperature, that increase being much more prominent at 27 and 40 MHz than at the microwave frequencies.
